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The assessment of Burkholderia diversity in agricultural areas is important considering the potential use of
this genus for agronomic and environmental applications. Therefore, the aim of this work was to ascertain how
plant species and land use management drive the diversity of the genus Burkholderia. In a greenhouse exper-
iment, different crops, i.e., maize, oat, barley, and grass, were planted in pots containing soils with different
land use histories, i.e., maize monoculture, crop rotation, and permanent grassland, for three consecutive
growth cycles. The diversity of Burkholderia spp. in the rhizosphere soil was assessed by genus-specific
PCR-denaturing gradient gel electrophoresis (DGGE) and analyzed by canonical correspondence analysis
(CCA). CCA ordination plots showed that previous land use was the main factor affecting the composition of
the Burkholderia community. Although most variation in the Burkholderia community structure was observed
between the permanent grassland and agricultural areas, differences between the crop rotation and maize
monoculture groups were also observed. Plant species affected Burkholderia community structure to a lesser
extent than did land use history. Similarities were observed between Burkholderia populations associated with
maize and grass, on the one hand, and between those associated with barley and oat, on the other hand.
Additionally, CCA ordination plots demonstrated that these two groups (maize/grass versus barley/oat) had a
negative correlation. The identification of bands from the DGGE patterns demonstrated that the species
correlated with the environmental variables were mainly affiliated with Burkholderia species that are commonly
isolated from soil, in particular Burkholderia glathei, B. caledonica, B. hospita, and B. caribiensis.
The genus Burkholderia was created in 1992, when Yabuuchi
et al. (41) reclassified Pseudomonas species belonging to rRNA
group II. Since then, this genus has undergone many changes.
It now comprises over 30 species, including the Burkholderia
cepacia complex, which consists of nine so-called genomovars
(7). Many species have potential for agricultural or environ-
mental purposes, such as biological control, bioremediation,
atmospheric nitrogen fixation, and plant growth stimulation
(11, 12, 16, 38). Moreover, the ability of these microorganisms
to colonize the rhizosphere of plants such as maize, wheat, rice,
grass, oat, lupine, and coffee at high population densities might
expand their potential applications (3, 8, 12, 39). Despite the
great agronomic potential of Burkholderia spp., there is general
concern about the environment functioning as a source of
human-pathogenic organisms, mainly after B. cenocepacia
(genomovar III), which is associated with cepacia syndrome in
cystic fibrosis patients, was found as a common plant-associ-
ated bacterium (3). Although this finding highlighted the im-
portance of assessing the diversity of Burkholderia species in
the rhizosphere, most current ecological knowledge is based on
B. cepacia populations isolated from the rhizosphere of just
one plant species, maize (5, 10, 13). Recently, the diversity of
the Burkholderia community associated with woodland rhizo-
spheres was also assessed (27). However, these reports were
based on culture-dependent techniques, which are likely to
underestimate the natural bacterial population (23). In order
to overcome this problem, we developed a method, based on
PCR-denaturing gradient gel electrophoresis (PCR-DGGE),
which allows the direct analysis of the diversity of Burkholderia
species in environmental samples (30).
Plant roots play important roles in shaping microbial com-
munities in soil by releasing a wide range of compounds. Al-
though root-released products comprise an important pool of
organic compounds for soil microorganisms, their composition
and quality can vary according to the plant species, the soil
type, and the plant developmental stage (33, 40). Due to this
variation in exudation, different plant species growing in the
same soil type are known to select divergent bacterial commu-
nities (19, 20, 40). However, when the microbial communities
associated with the same plant species growing in different soil
types are analyzed, the soil type may exert a large influence on
microbial diversity (9, 40).
In view of the fact that plants have a large impact on micro-
bial diversity, one might expect agricultural management to
play an important role as well. Indeed, many agricultural prac-
tices, such as crop rotation, continuous cropping, and tillage,
induce changes in microbial communities in soil (2, 20, 39)
which may persist long after the management practice took
place (4). Although agricultural practices induce general changes
in soil microbial communities, specific microbial groups may
respond differently. Clegg et al. (6) showed that the application
of inorganic nitrogen had a significant impact on eubacterial
and actinomycete community structures, whereas soil drainage
significantly affected the community structures of actinomyce-
tes and pseudomonads. In addition, continuous wheat crop-
ping affected the community structure of pseudomonads, such
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that an increase in the population of antibiotic-producing
Pseudomonas spp. induced the natural suppression of Take-all
disease in wheat (26). Similarly, the establishment of apple
orchards in a field where wheat had previously been grown led
to an increase in suppressiveness against Rhizoctonia solani
which was correlated with an increase in the B. cepacia and
Pseudomonas putida populations (22).
Considering the fact that agricultural management and plant
species affect soil microbial communities, the main objective of
this work was to gain a better understanding of how land use
and crop species, specifically maize, oat, grass, and barley,
affect the diversity of the genus Burkholderia. In addition, this
study aimed to address which Burkholderia species are selected
by specific crops and which factor (plant species or land use)
has a larger influence on soilborne populations. To assess the
diversity of Burkholderia species in soil, we applied a PCR-
DGGE system with primers specific for this genus (30), which
allowed for the evaluation of the total Burkholderia population,
including the nonculturable fraction.
MATERIALS AND METHODS
Microcosm experiment. In order to evaluate the effect of different plant
species on the diversity of Burkholderia species, we designed a pot experiment in
the greenhouse. The treatments consisted of four plant species, namely maize
(Zea mays L.), oat (Avena sativa L.), barley (Hordeum vulgare L.), and grass (a
commercial mix containing Lolium perenne as the main species), planted in
replicate pots containing soils with three different land use histories.
Soil. The soils used for this experiment were collected from different locations
(according to land use) in a field (Wildekamp) located in Wageningen, The
Netherlands. The soil was a loamy sand (3% clay, 10% silt, and 87% sand) with
about 2% organic matter and a pH of 4.8. The site was composed originally of a
long-term (50 years) permanent grassland (G) field that was partially converted
to agricultural land (A) about 20 years ago, with the latter being used mainly for
crop rotation. In 2000, different treatments were established in both areas (G and
A) before the growing season, using triplicate (10 by 10 m) plots for each
treatment in a randomized block design. The treatments comprised 4-year crop
rotation (oat, maize, barley, and potato), a monoculture of maize, and grassland.
For the greenhouse experiment, we decided to focus mainly on the differences
between permanent grassland (G), arable land under crop rotation (A-R), and
arable land under maize monoculture (A-M). Therefore, at the end of the
growing season of 2001, soil was collected from each triplicate plot of treatments
G, A-R, and A-M. At that time, the plots undergoing the crop rotation treatment
had only had the first two crops (oats and maize). From this point on, the
treatments mentioned above will be referred to as land use histories.
Experimental design. Soil collected from each triplicate plot of the three
different land use histories (G, A-R, and A-M) was sieved and homogenized
separately, and approximately 600 g (500 ml) was then transferred to a pot in the
greenhouse. Pregerminated seeds (three) of each plant species (oat, maize, and
barley) were transferred to the pots, in three replicates per crop. For the pots
containing grass, approximately 300 mg of nongerminated seeds were used. As
controls, two pots per land use history were kept fallow.
In order to enhance the rhizosphere effect of each plant species, at the end of
the first growth cycle we removed the plants, homogenized the soil contained in
each pot separately, and transferred new seedlings (corresponding to the previ-
ous plant species) into the soil in the pots. This procedure was repeated one more
time, thus producing samples from the second and third growth cycles (Fig. 1).
Rhizosphere soil sampling. At the end of each growth cycle (approximately 4
months after sowing), plants were removed from the pots and the roots were
shaken gently, removing the loosely adhering soil. Twenty grams of roots con-
FIG. 1. Schematic representation of the microcosm experiment. Soils collected from field plots with different cropping histories were distrib-
uted in pots, and four plant species were planted. At the end of the growth cycles, the plants were removed from the pots and rhizosphere soil was
collected for further DNA extraction. Subsequently, the bulk soil from each pot was mixed separately and new seedlings from the previous plant
species were transferred to the pot. A-R, arable land under crop rotation; A-M, arable land under maize monoculture; G, permanent grassland.
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taining tightly adhering soil (rhizosphere soil) was transferred to an Erlenmeyer
flask containing 90 ml of sterile sodium pyrophosphate (0.1%) and gravel (10 g).
After the flasks were shaken for 30 min at 180 rpm, 2 ml of solution containing
the rhizosphere soil was used for DNA extraction.
DNA extraction. DNA from rhizosphere soil was extracted by use of an
UltraClean soil DNA isolation kit (Mo Bio Laboratories, BIOzymTC, Land-
graaf, The Netherlands). Briefly, 0.5 ml of sodium pyrophosphate solution con-
taining rhizosphere soil and 50 mg of glass beads (106-m diameter) were
added to microcentrifuge tubes, and the cells were lysed by bead beating for 60 s
in a cell disrupter (Ribolyser; Hybaid, Middlesex, United Kingdom) in order to
achieve maximal cell lysis. After the bead-beating step, DNA was extracted
according to the protocol described by the supplier.
PCR amplification of partial 16S ribosomal RNA genes of Burkholderia. The
amplification of 16S rRNA genes from rhizosphere soil DNA was done by using
primers specific for the genus Burkholderia in a seminested PCR performed
according to the methodology described by Salles et al. (30). Briefly, the PCR
procedure consisted of a first PCR with primer Burk3 used in combination with
the universal eubacterial primer R1378 (17) under the conditions described by
Rosado et al. (28). The products from the first PCR were diluted 1:1,000 and
used as the template in a second PCR, which was performed with primers Burk3
(GC clamped) and BurkR, as follows. Fifty-microliter reaction mixtures con-
tained 1 l of DNA (5 to 10 ng), 200 mol of each deoxyribonucleoside triphos-
phate per liter, 400 nmol of each primer per liter, 1 TaqPlus Precision buffer
(Stratagene, Leusden, The Netherlands), and 2 U of TaqPlus Precision polymer-
ase mixture (Stratagene). Amplification was performed in a PTC-100 thermal
cycler (MJ Research, Inc., Tilburg, The Netherlands) (30), and the PCR prod-
ucts, expected to be approximately 500 bp long, were analyzed by electrophoresis
in a 1.5% (wt/vol) agarose gel in 0.5 Tris-borate-EDTA buffer (31). When nec-
essary, products were stored at20°C before they were used for DGGE analysis.
DGGE. DGGE analysis was performed by using the phorU2 system (Ingeny,
Goes, The Netherlands) and the method described by Salles et al. (30). After
electrophoresis, the gels were stained with the SYBR Gold I nucleic acid gel stain
(Molecular Probes Europe, Leiden, The Netherlands), photographed, and digitized
with an Imago compact apparatus (B&L Systems, Maarssen, The Netherlands).
Banding pattern analysis and statistics. DGGE banding patterns were ana-
lyzed with Molecular Analyst software (version 1.61; Bio-Rad, Veenendaal, The
Netherlands). In order to compensate for internal distortions during electro-
phoresis, we aligned the gels by using an external reference pattern. The pattern
was composed of pooled PCR products from four Burkholderia species loaded in
at least four different lanes distributed along the gel. Subsequently, subtraction
of the nonlinear background was achieved by using the rolling disk mechanism with
an intensity of 8. For the completion of the gel analysis, identification and quanti-
fication of the bands present in each lane were performed by setting the tolerance
and optimization at 0.75%. A table containing the calculated surface and position of
each band was then exported to Excel, in which the band surface was converted to
the relative intensity of the band per lane, with a value between 0 and 1. The relative
intensity was obtained by dividing the surface of the band by the sum of the surfaces
of all the bands within the lane, thus eliminating the variation in band intensity
caused by differences in the amounts of PCR products loaded in the gel.
To perform a statistical analysis of the DGGE profiles versus the environmental
variables, we chose canonical correspondence analysis (CCA), as it explains the
structure of a “species” data table (in this case, band intensities) by using environ-
mental variables, assuming a unimodal distribution of species (35). For that purpose,
community structures based on the relative intensity of each band were analyzed by
performing a CCA (CANOCO 4.5; Biometris, Wageningen, The Netherlands).
Community similarities were graphed by using ordination plots with scaling focused
on intersample differences (21). The ordination plots for species and environmental
variables were characterized by biplots that approximated the weighted averages of
each species with respect to each of the environmental variables. Thus, the ordina-
tion diagram represents not only a pattern of community distribution, but also the
main features of the distribution of species along the environmental variables (35).
Although classes of nominal environmental variables are more often symbolized by
a point at the centroid (the weighted average), they can also be represented by
arrows (35). Hence, to facilitate the interpretation of the ordination plots, we used
arrows to represent the nominal environmental variable “plant species.” Both the
length and the slope of the vector are significant parameters, as long vectors forming
smaller angles with an ordination axis are more strongly correlated with that ordi-
nation axis (34). In addition, the angle between the vectors provides an approxima-
tion of the correlation. Consequently, vectors pointing in the same direction are
positively correlated and those pointing in opposite directions are negatively corre-
lated (35). The nominal variables “land use history” and “growth cycle” were rep-
resented by centroids, whose positions determine the relationship of these variables
with either of the ordination axes (34). In order to investigate statistical significance,
we used a Monte Carlo permutation test based on 499 random permutations,
assuming the null hypothesis that species data are unrelated to environmental data
and the alternative hypothesis that the species respond to the environment.
Soil clones and sequence analyses. DGGE bands, which were correlated with
environmental variables, were selected for sequence analysis. After the inner
part of the DGGE band was cut, the DNA was eluted in 20 l of sterile Milli-Q
water and subsequently used as a template for PCR (with primers Burk3 and
BurkR), as described above. The reamplified PCR products were purified with a
High Pure PCR product purification kit (Boehringer, Mannheim, Germany) and
cloned into the pGEM-T easy vector, which was used to transform Escherichia
coli strain JM109 according to the procedure recommended by the manufacturer
(Promega Benelux, Leiden, The Netherlands). Plasmid extraction from ran-
domly selected colonies was done with the Wizard Plus SV miniprep DNA
purification system (Promega Benelux). Plasmids containing the inserts corre-
sponding to the cut DGGE bands were sequenced in an ABI Prism automatic
sequencer (BaseClear B.V., Leiden, The Netherlands), and the identities of the
sequences were determined by BLAST analyses (1).
Sequence alignment. The sequences generated in this study or recovered from
the GenBank/EMBL database were aligned by using Clustal_X (37), considering
only the 16S rRNA gene partial sequence covered by the Burkholderia-specific
primers (30). Phylogenetic trees were constructed by the neighbor-joining
method (29) based on distance estimations calculated by the method of Jukes
and Cantor (18). This analysis was performed with the TREECON program,
version 1.3b (Yves van de Peer, Department of Biochemistry, University of
Antwerp, Antwerp, Belgium).
Nucleotide sequence accession numbers. The sequences generated in this
study have been deposited in the GenBank database under accession numbers
AY571292 to AY571305.
RESULTS
DGGE analysis and identification of bands. The numbers of
bands in the DGGE profiles varied mainly along growth cycles.
Figure 2 shows that the number of bands for A-R increased
from an average of 14.2 for the first growth cycle to 18.4 for the
third growth cycle. A-M and G had averages of 18.4 and 19
bands per lane (Fig. 2) for the third growth cycle, while the
averages for the first growth cycle were 14.7 and 16.6 bands,
respectively (data not shown). For all samples, the DGGE
patterns after the first growth cycle comprised bands which
were limited to an area in the middle of the gel (around 55%
denaturant), whereas for the last growth cycle the bands were
distributed over the whole gel (between denaturant concentra-
tions of roughly 50 and 60%), indicating a change in the structure
of the Burkholderia communities (Fig. 2). Additionally, the num-
bers of bands in the patterns for fallow pots (control) were lower
than those in the patterns for pots containing plants, irrespective
of the land use history or growth cycle (Fig. 2). Although no
difference was observed in the average numbers of bands among
plant species or land use histories for the same growth cycle, the
Burkholderia communities associated with G were more even
than those associated with A-M and A-R, containing fewer dom-
inant bands (Fig. 2). Moreover, an effect of plant species could be
observed by differences in the intensities of the bands.
CCA not only allows the interpretation of DGGE profiles in
relation to environmental variables but also correlates species
(band positions) to those environmental variables. Therefore,
after analyzing the ordination plots, we selected 15 band po-
sitions on the basis of their association with some of the treat-
ments. Bands corresponding with these positions were thus iden-
tified in different samples, excised from the gel, and cloned.
Bands corresponding to 5 of the 15 band positions could not be
amplified or cloned and therefore could not be identified. From
the remaining 10 band positions, 43 clones were obtained
(around four per band position) and identified by sequencing.
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Five of the 43 sequences were considered chimeric and were
removed from the analyses. All clones were affiliated with Burk-
holderia species, with identities varying from 97 to 100%, con-
firming the specificity of the PCR system. DGGE analysis of
the clones revealed that 32% migrated to a different position
on the gel than the band position that they originated from.
Although these clones were affiliated with Burkholderia spe-
cies, they were discarded from the analysis. Table 1 shows a list
of the 10 band positions and respective clones considered in
the analysis. Only one sequence per band position is shown in
Table 1, since the similarities between them (sequences per
band position) varied from 99.8 to 100%. Bands that were
present at the same position but obtained from different sam-
ples reassuringly showed sequence similarity of 99.2% (30)
but surprisingly did not always show the same bacterial se-
quence as the closest hit in the database (bands 8, 9, and 10)
(Table 1; Fig. 2). On the other hand, some bands located in dif-
ferent positions in the gel were identified by the database as being
affiliated with the same organism; this held true for bands pres-
ent at the bottom of the gel (Table 1; Fig. 2). The percentages of
similarity between these latter sequences ranged from 97.4 to
99.2%, which might indicate that organisms that possess several
rRNA operons with sequence microheterogeneity were present.
In order to determine the distribution of these clones within
the genus Burkholderia, we constructed a phylogenetic tree
based on the region amplified by the primers (Fig. 3). Clones
representing the 10 band positions were distributed within
three branches of the Burkholderia phylogenetic tree, cluster-
ing apart from those belonging to the cepacia complex (Fig. 3).
Two main groups of discriminating clones were distributed
close to B. glathei (four clones) and B. caledonica (three
clones). Another main group of clones was affiliated with an
unculturable (or uncultured) earthworm cast bacterium (five
clones). The remaining two clones were affiliated with B. hos-
pita or B. caribiensis (Fig. 3). All species displaying high levels
of similarity with the clones were originally isolated from soil.
Plant species effect. To eliminate artifacts associated with
DGGE image analysis on the basis of different gels, we ana-
lyzed the effect of plant species separately with each land use
history treatment, giving rise to three different ordination plots
(Fig. 4). In addition, we used soil that was originally from one
field plot which was representative of the triplicate plots. In all
ordination plots, the control samples (pots without plants)
clearly clustered distantly from the other (planted) samples
(data not shown). The controls were then excluded from the
analyses to facilitate the visualization of the treatment effects.
For the same reason, we opted for ordination plots consisting
of biplots of environmental variables and samples (DGGE
lanes) instead of species (DGGE bands).
Figure 4 shows that samples generally clustered according to
growth cycle rather than plant species. The ordination plots
corresponding to arable land (A-M and A-R) (Fig. 4A and B)
show that the growth cycle was a highly significant explanatory
variable (P  0.05), consistently separating the samples along
FIG. 2. DGGE patterns of Burkholderia communities associated with the rhizospheres of barley, oat, maize, and grass grown in soils with
different land use histories. Control lanes represent pots without plants (bulk soil). *, Burkholderia marker containing (from top to bottom)
B. andropogonis LMG6872, B. multivorans LMG13010, B. cepacia ATCC 25416, and B. dolosa LMG18941. The arrows indicate bands identified
by sequencing (Table 1).
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the first (most important) ordination axis. In A-M, oat and
barley were the only plant species that were significant as
explanatory variables, being correlated with the first and sec-
ond axes, respectively (Fig. 4A). Even though maize was not
significant as an explanatory variable (P 0.05), maize and oat
were negatively correlated, as inferred by their opposition in
the ordination plots. The same configuration was detected for
barley and grass (Fig. 4A). A similar pattern for plant species
distribution was observed for A-R (Fig. 4B), for which a pos-
itive correlation between maize and grass or between oat and
barley was observed (Fig. 4B). However, in A-R, none of these
ordinations showed a significant P value (P  0.05%), with all
of them clustering close to the origin of the plot. In addition,
the explanatory variable growth cycle was mainly separated
along the first axis, whereas plant species were distributed
along the second axis (Fig. 4B). In the ordination plot repre-
senting land use history G (Fig. 4C), the growth cycle was again
the main explanatory variable, being spread along the first axis.
However, growth cycle 2 was not significant according to a
P value estimation. In addition, it is noteworthy that the dis-
tribution of the samples followed a different pattern for G than
for A-R or A-M, being scattered for the former and concen-
trated around the centroids of growth cycle for the latter (Fig.
4). Maize and grass were significant as explanatory variables, as
explained by the second axis (Fig. 4C). Again, these two ex-
planatory variables were positively correlated with each other
and negatively correlated with oat and barley (Fig. 4C). The
positive correlation between maize and grass and between oat
and barley was also observed when the DGGE profiles were
compared by a cluster analysis considering only the presence or
absence of bands (data not shown).
Land use history effect. To evaluate the effect of land use
history on the Burkholderia communities, we chose samples
collected after the last growth cycle for the analyses. Thus, we
generated biplots of environmental variables (land use history)
and of species (DGGE bands). For the rhizosphere soil sam-
ples taken from maize (Fig. 5A), we observed that the three
replicate G plots clustered together, separating from the A-M
and A-R plots along the first axis. The second axis, though, ex-
plained the difference between the two treatments of arable
land, i.e., crop rotation (A-R) and maize monoculture (A-M).
However, although the replicate samples belonging to the same
land use history tended to group together, for the A-R and A-M
replicate plots there was always one outlier. Land use history
was a significant explanatory variable, with all treatments being
significant except for two A-R replicate plots (Fig. 5A). In
order to determine if a similar pattern would be observed for
other plant species, we performed the same analysis with oat
plants. Mostly similar results were obtained, but the distinction
between the A-M and A-R treatments was not clear (Fig. 5B).
Oat was selected instead of the other plants because its effect
was negatively correlated with that of maize. This analysis was
not performed for grass and barley due to their similarity to
maize and oat, respectively.
To verify which environmental variable (plant species versus
previous land use) had a more significant effect on the com-
munity structure of Burkholderia species in soil, we analyzed
samples obtained from all of the plant species after the third
growth cycle in one representative plot for each land use his-
tory treatment. The results showed that land use history had a
greater effect on the Burkholderia community structure than
did plant species, being largely responsible for the distribution
of the samples in the ordination plot (data not shown). In
addition, all land use history treatments and the plant species
barley were significant as explanatory variables. The distribu-
tion of plant species along the ordination plot followed the
same pattern as that described above for the plant species
effect (data not shown). Similar results were obtained when all
plant growth cycles were included in the analysis, confirming
that land use history had the greatest influence on the Burk-
holderia community structure (data not shown).
TABLE 1. Sequence analysis of bands excised from DGGE gels and their relationship to environmental variables
Band no.
(GenBank
accession no.)
Position in
CCA plota
Environ-
mental
variable
Most closely related
bacterial sequenceb
%
Identity
Accession
no. of related
sequence
Reference
1 (AY571292) A27 G Uncultured eubacterium WD232 99 AJ292667 29
Burkholderia sp. strain OY715 99 AJ300696 32
2 (AY571302) A29 A-R Burkholderia sp. strain OY715 99 AJ300696 32
3 (AY571296) A30 G Uncultured bacterial clone F2-41 97 AY096172 Y. Ding, W. B. Whitman, K. Das, and
J. R. Kastner, unpublished data
B. terricola 97 AY040362 17
4 (AY571294) A31 A-M Burkholderia sp. strain OY715 100 AJ300696 32
5 (AY571293) A36 A-R Uncultured earthworm cast bacterium 99 AY154615 D. R. Singleton, P. F. Hendrix,
D. C. Coleman, and W. B. Whitman,
unpublished data
6 (AY571303) A36 A-R Uncultured earthworm cast bacterium 99 AY154615 Singleton et al., unpublished data
7 (AY571295) A40 G Uncultured earthworm cast bacterium 98 AY154615 Singleton et al., unpublished data
8 (AY571300) B4 Maize Burkholderia sp. strain NF23 97 AJ300698 32
9 (AY571304) B4 Maize Burkholderia sp. strain P18G1120 97 AF214131 37
10 (AY571299) B4 Maize Burkholderia sp. strain NF23 98 AJ300698 32
11 (AY571298) B26 Grass Uncultured Burkholderia sp. clone Ba04 97 AF407355 35
Burkholderia sp. strain NF23 97 AJ300698 32
12 (AY571297) B32 Grass B. hospita 98 AY040365 17
13 (AY571301) B40 Barley Uncultured earthworm cast bacterium 99 AY154615 Singleton et al., unpublished data
14 (AY571305) B47 Oat Uncultured earthworm cast bacterium 97 AY154615 Singleton et al., unpublished data
a Species (band) position in CCA ordination plots; species preceded by the same letter were analyzed in the same gel.
b Only one clone per band is listed. Clones for which the closest hit was an unculturable organism have the first hit with a species identification also mentioned, except
for AY154615, which showed a low identity (90%) to any culturable organism.
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DISCUSSION
Due to the relevance of the genus Burkholderia with respect
to its application for agronomic purposes and its pathogenicity
towards cystic fibrosis patients, it is important to assess the
Burkholderia diversity in agricultural areas. Therefore, the aim
of this work was to ascertain which Burkholderia species in
rhizosphere soil are selected by specific crops and which factor
(current plant species or previous land use) has the largest
influence on Burkholderia populations in soil. To assess the
total Burkholderia community structure in the rhizosphere
FIG. 3. Phylogenetic tree showing the relationship between some Burkholderia species and bands excised from DGGE gels. The tree was
constructed based on the fragment amplified by the Burkholderia-specific primers (35) by using the neighbor-joining method (34). A bootstrap
analysis was performed with 100 repetitions, and only values above 50 are shown. A description of the bands is given in Table 1.
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samples, we used a PCR-DGGE system that is specific for
determining the diversity of types within this genus (30).
PCR-DGGE has been used in molecular microbial ecology
for about a decade (25), and its efficacy in analyzing microbial
communities has greatly improved, as (i) primer systems for
narrow taxonomic groups have been, and are still being, de-
veloped (17, 30) and (ii) different statistical strategies have
been applied for analyzing DGGE fingerprinting data (for a
review, see reference 14). The most common way to perform
analyses of DGGE profiles is by UPGMA (unweighted pair
group method with mathematical averages)-based clustering,
which identifies samples with similar patterns based on the
presence or absence of bands (30) but does not take into
account the band intensities or the correlation between band-
ing patterns and environmental variables. This type of corre-
lation can be achieved by using ordination methods, which are
vastly used in macroecology (36) and have been recently ap-
plied to DGGE fingerprinting analysis (21, 24). However, care
should be taken in selecting the most appropriate statistical
procedure for the ordination of the molecular profiles, and the
underlying theoretical model should be carefully assessed (14).
Multivariate analyses such as CCA can be applied to link
changes in communities to changes in the environment, corre-
lating the community structure with explanatory variables
which can be evaluated by statistical tests. The applicability of
multivariate analyses of DGGE patterns was recently con-
firmed by Muylaert et al. (24), who monitored the bacterial
community compositions in four eutrophic lakes. By using rel-
ative band intensities instead of presence/absence data matri-
ces, they were able to find a stronger correlation between the
bacterial community composition and explanatory variables
than by using the latter method. In addition, by using an arti-
ficial data set to which potential sources of error associated
with PCR-DGGE analysis were introduced, they obtained sim-
ilar results (24). After applying CCA to analyze the Burkhold-
eria community structure revealed by PCR-DGGE, we were
able to ascertain that land use history (long-term) had a larger
effect on this community than plant species (short-term), even
after three sequential growth cycles in pots.
Grassland and agricultural land subjected to crop rotation
represent two types of land use, with each one having a distinct
effect on both microbial communities and soil properties. In-
deed, our results showed that the soil collected from the arable
land plot (which was turned into arable land by the cultivation
of a part of the permanent grassland about 20 years ago) had
a Burkholderia community structure that differed from that in
the permanent grassland plot. Most likely, this was related to
the clear differences between both soil management regimens.
FIG. 4. Ordination plots of Burkholderia communities associated with the rhizospheres of maize, barley, oat, and grass grown in soils with different
land use histories, either A-M (A), A-R (B), or G (C). The plots were generated by CCA of the DGGE profiles. All environmental variables are shown,
but only those marked with asterisks were significant (P  0.05). Values on the axes indicate the percentages of total variation explained by each axis.
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A comparison of different land use (soil management) regi-
mens revealed that factors such as microbial biomass, pH, and
management factors were highly correlated with differences in
microbial community composition (34). These results support-
ed the hypothesis that soil disturbance as a result of cultivation,
rather than the plant species alone, distinguishes the microbial
communities of arable fields from those of grasslands (34).
Furthermore, the influence of soil agricultural history might per-
sist long after changes in land management have been made
(4). Although the time necessary to overcome the persisting ef-
fects of land use history may vary depending on the type of con-
version (A to G or G to A), we observed changes due to agricul-
tural practices, mainly in the arable land, as A-R and A-M only
partially clustered together. However, the distribution of these
two clusters depended on the plant species from which the
rhizosphere soil samples were taken, and maize exerted an
extra effect in separating the land use history treatments. This
could be explained by the fact that the continuous growth of
maize for three cycles in the A-M pots represented a prolon-
gation of the land use management (monoculture of maize).
The effect of plant species could be observed by analyzing
land use history treatments separately. Although these envi-
ronmental variables did not always explain the distribution of
the samples, the ordination plots indicated two groups of pos-
itively correlated crops, with one composed of maize and grass
and the other composed of barley and oat. Moreover, these
two groups showed a negative correlation between each other.
In addition, the difference observed between samples obtained
from control (fallow) and planted pots by CCA indicated that
the plant species did indeed have an effect on Burkholderia
populations, either by increasing the diversity or by affecting
the evenness of the samples.
Interestingly, there was a distinct growth cycle effect which
could be observed by a rise in the numbers of bands from the
first to the third growth cycle, regardless of the plant species or
land use history. This increase in diversity with growth cycle
number could be explained by the fact that the pots were kept
for a total of 1 year under constant greenhouse conditions,
which may have been optimally selective for specific organisms.
Since the bands that started to appear or became more intense
were mainly present at the bottoms of the gels, Burkholderia
species with higher GC% values were apparently stimulated.
Some of these bands were identified and showed a high level of
similarity to an unculturable or uncultured 16S rRNA gene
clone isolated from a cast of Lumbricus rubellus (32). However,
although earthworm casts are composed primarily of soil or-
ganisms (15), it is not clear whether this clone is specifically
associated with earthworms, since it was isolated only once
(D. R. Singleton, personal communication).
When comparing different land use histories within a growth
cycle, we observed a more striking effect in the arable land
treatments (A-M and A-R) than in the grassland (G), from
which samples did not show the same tendency to cluster. A
plausible explanation could be that the permanent grassland,
due to its long land use history, has a more stable and even
community that is recalcitrant to (drastic) changes. In the
treatments originating from arable land (A-R and A-M), shifts
in the Burkholderia community structure after the three plant
growth cycles occurred in a more drastic manner, indicating
that areas under this agricultural management regimen are
more amenable to changes.
The use of CCA proved to be an effective tool for evaluating
how Burkholderia communities respond to changes in land use
management and how the communities change in response to
different plant types. Furthermore, by plotting species (DGGE
bands) and environmental variables, we were able to identify
band species that were correlated with certain treatments.
However, as each DGGE band may harbor more sequence
species, we cannot provide substantial data on the actual di-
versity of the community. Based on this study, we concluded
that although species belonging to the cepacia complex might
be present in the rhizosphere soil, they seem to be less influ-
enced by agricultural practices, since for 10 selected bands
responding to changes in crop and land use management, only
typical soil Burkholderia species were found. These results were
in agreement with previous work (30), in which the analysis of
randomly selected soil clones showed that most clustered close
to species with biocontrol and bioremediation abilities. This
FIG. 5. Ordination plots of Burkholderia communities associated with the rhizospheres of maize (A) and oat (B) grown in soils with different
land use histories. The plots were generated by CCA of the DGGE profiles. The numbers after the nominal environmental variables correspond
to the identification of each one of the three replicate plots from which the soil originated. All environmental variables are shown, but only those
marked with asterisks were significant (P  0.05). Values on the axes indicate the percentages of total variation explained by each axis.
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trend does not seem to be correlated with the origin of the soil,
since similar results were found by Richardson et al. (27), who
assessed the diversity of Burkholderia isolates from woodland
rhizosphere environments.
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